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Abstract

Environmental enrichment (EE) consists of increased physical, intellectual and social activity, and
has wide-ranging effects, including enhancing cognition, learning and memory, and motor
coordination. Animal studies have demonstrated that EE improves outcome of brain trauma and
neurodegenerative disorders, including demyelinating diseases like multiple sclerosis, making it a
promising therapeutic option. However, the complexity of applying a robust EE paradigm makes
clinical use difficult. A better understanding of the signaling involved in EE-based neuroprotection
may allow for development of effective mimetics as an alternative. In prior work, we found that
exosomes isolated from the serum of rats exposed to EE impact CNS myelination. Exosomes are
naturally occurring nanovesicles containing mRNA, miRNA, and protein, which play important
roles in cell function, disease, and immunomodulation. When applied to hippocampal slice
cultures or nasally administered to naive rats, EE serum exosomes significantly increase myelin
content, oligodendrocyte precursor (OPC) and neural stem cell levels, and reduce oxidative stress.
We found that rat EE exosomes were enriched in miR-219, which is necessary and sufficient for
OPC differentiation into myelinating cells. Thus, peripherally produced exosomes may be a useful
therapy for remyelination. Here, we aim to better characterize the impact of EE on CNS health and
to determine the cellular source of nutritive exosomes found in serum. We found that exosomes
isolated from various circulating immune cell types all increased slice culture myelin content,
contained miR-219, and reduced oxidative stress, suggesting that EE globally alters immune
function in a way that supports brain health.
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INTRODUCTION

Environmental enrichment (EE) is defined as volitionally increased physical, social and
intellectual activity. EE enhances memory, increases production of myelin at all ages, and
lessens injury from neurodegenerative disorders including demyelinating disease (Fields
2008). Although most studies of EE have been carried out in rodents, it has been effective in
a variety of other animals, including fish, rabbits, farm animals, and non-human primates
(Singhal et al., 2014). To date, these studies have shown the effectiveness of EE on a number
of CNS diseases, such as Huntington’s disease (van Dellen et al., 2000), Alzheimer’s disease
(Jankowsky et al., 2005), traumatic brain injury (Passineau et al., 2001), and migraine
(Darabaneanu et al., 2011). While these types of studies are more difficult to conduct in
human patients, there is significant evidence that EE can produce similar results in humans
as well.

Increased physical exercise, a form of EE, has been linked to improved outcome for
neurological disease, including depression (Strohle, 2009), schizophrenia (Beebe et al.,
2005), epilepsy (Arida et al., 2010) and migraine (Varkey et al., 2011). Likewise, there have
been numerous studies examining the role of intellectual enrichment in creating ‘cognitive
reserve’ and lessening the impact of brain disease on cognitive impairment (Stern, 2012;
Crescentini et al., 2014). Reports also show how social engagement and an active lifestyle
can protect against dementia (Fratiglioni et al., 2004) Taken together, these works provide
evidence suggesting that EE has a beneficial impact on human brain health.

Though enrichment paradigms vary, they can be broadly characterized as the following
types: 1. Social enrichment, in which subjects are given increased exposure to conspecifics
(i.e. group housing). 2. Cognitive enrichment, which includes exposure to novel stimuli and
experiential learning (i.e. toys and mazes). 3. Physical enrichment, consisting of voluntary
exercise (i.e., access to a running wheel). Our EE paradigm provides elements of all three
categories of enrichment (detailed in Materials and Methods).

In recent years, there has been increased attention to the development of EE-mimetics
(McOmish and Hannan, 2007). To this end, we have studied the role of exosomes in EE, and
found that exosomes derived from serum of EE rats increased oligodendrocyte precursor
(OPC) numbers, differentiation and myelin production, and also improved remyelination
following lysolecithin-induced demyelination in brain slice cultures. Furthermore, aging
animals exposed to EE also produced pro-myelinating exosomes, suggesting that EE can
restore the ability to produce these exosomes, which is normally diminished in aging
animals (Pusic and Kraig 2014). We found that this feature of peripheral exosomes involved
miR-219, which is required for production of myelinating oligodendrocytes via regulation of
multiple mMRNA targets in their differentiation pathway (Dugas et al. 2010; Zhao et al.
2010).

Here, we aimed to determine the cellular source of pro-myelinating exosomes in EE. Since
age-related decrease in remyelination is associated with immunosenescence, and the
beneficial effects of EE on immune function are well-documented (De la Fuente and
Gimenez-Llort 2010), we chose to focus on circulating immune cells.
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MATERIALS AND METHODS

Animal use and environmental enrichment

Animal procedures were approved by the University of Chicago Animal Care and Use
Committee, and were conducted in accordance with the guidelines published in the Guide
for Care and Use of Laboratory Animals (2011). Wistar rats were obtained from Charles
River Laboratories.

For EE, twelve male Wistar rats (initial weight ~125 g) were group housed in a two-layered,
58 cm wide, 88 cm long, and 65 cm Marlau-style cage (Obiang et al. 2011; Fares et al.
2013). The bottom layer of the cage consisted of a running wheel for exercise, a resting area,
and ad /ibitum access to food and water. The top layer of the cage contained a maze which
was changed three times a week, with six variations of the maze used in rotation. Rats
climbed from the bottom to the top layer via ramps, progressed through the maze, and
descended down another set of ramps to access food and through one-way doors to return
back to the exercise and socialization area. Sufficient space was provided to prevent the
emergence of dominant male behavior (Marashi et al. 2003). EE rats were housed in this
Marlau-style cage for 35 days, with twelve aged-matched non-enriched (NE) rats single-
housed under standard conditions.

At the conclusion of EE/NE exposure, animals were anesthetized with progressive exposure
to 100% carbon dioxide (i.e., at a rate of 10-30% of the euthanasia chamber volume/minute).
Carbon dioxide exposure was continued for a minute after respiratory arrest before animals
were decapitated and truncal blood harvested. Brains were harvested and frozen for staining.
Spleens and lymph nodes were dissected out after truncal blood collection and processed as
described below.

Alternatively for electron microscopy (EM) imaging of cortical myelin, animals were
initially anesthetized with 5% isoflurane in oxygen and then given an intraperitoneal
injection of ketamine/xylazine while breathing room air. When fully anesthetized, animals
were euthanized by intracardiac perfusion first with saline followed by fixative (Pusic and
Kraig 2014).

Electron microscopy

Myelin thickness was measured from frontal neocortex. Images were acquired using the
University of Chicago Electron Microscopy Core Facility, and g ratios (axon diameter/fiber
diameter) quantified using ImagePro software (v.4.5.0.19, Media Cybernetics) (Guy et al.
1991; Chomiak et al. 2009).

FluoroMyelin staining

EE and NE brains were sectioned (14 um) using a cryostat (Leica), fixed in 10% buffered
formalin phosphate (ThermoFisher Scientific) for 15 minutes, and incubated with
FluoroMyelin (1:300; Invitrogen) for 40 minutes to stain myelin (Dugas et al. 2010).
FluoroMyelin intensity was quantified using computer-based digital imaging strategies to
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assess integrated optical density at defined areas of interest in grey and white matter regions
(Pusic and Kraig 2014; Pusic et al. 2014a; Pusic et al. 2015).

Serum sample preparation

For isolation of exosomes from serum of EE and NE animals, truncal blood was collected
into sterile 10 mL glass venous blood collection tubes (Becton Dickinson) and incubated at
room temperature for at least 20 minutes to allow specimens to clot. Following clot
formation, a wooden applicator stick was used to disrupt clot adhesion to the tube wall and
samples were centrifuged at 2000 x g for 15 minutes at room temperature. Serum was then
transferred to sterile microcentrifuge tubes and stored at —20°C until further processing
(Pusic and Kraig 2014).

Isolation of cells from blood, spleen and lymph nodes

Truncal blood from EE/NE animals was collected into sterile heparinized blood collection
tubes (Becton Dickinson), inverted several times to avoid blood clotting, and kept at room
temperature during subsequent harvests (used within 2 hrs). Anti-coagulated blood was then
mixed with an equal volume of cold, calcium-free, magnesium-free Dulbecco’s Phosphate-
Buffered Saline at pH 7.2 (DPBS; Gibco). 15 mL of Ficoll-Paque PREMIUM (GE
Healthcare) was sterilely transferred to a 50 mL tube via syringe, and the diluted blood
sample carefully layered on top so as not to disturb the Ficoll interface. The samples were
then centrifuged at 400 x g for 30-40 minutes in a swinging bucket set up with free
deceleration. 50 mL tubes now contained four discernable layers: 1) Diluted plasma, 2)
Peripheral blood mononuclear cells (PBMCs), 3) Ficoll, and 4) Red blood cells /
granulocytes. The upper plasma layer was carefully removed and discarded, and the
underlying cloudy PBMC layer harvested into clean tubes. PBMCs were then washed in 3x
volume of DPBS and centrifuged at 200 x g for ten minutes to pellet cells. Cells were
washed once more, then resuspended in 3 mL of DPBS and counted.

Rat spleens or lymph nodes were dissected out and washed with cold DPBS. Tissue was
then finely chopped with a razor and crushed through a 40 uM cell strainer to obtain a single
cell suspension. Cells were then washed twice in cold DPBS (as above), pelleted,
resuspended in 3 mL of DPBS and counted. Composition of minimal media is described
below.

Specific cell populations were isolated from PBMCs using the Manual MACS Cell
Separation platform (Miltenyi Biotech), according to manufacturer’s instructions. Briefly,
PBMCs were pelleted and resuspended in 90 uL per 107 cells of cold labeling buffer (DPBS,
0.5% BSA, 2mM EDTA). Cell-specific magnetic beads (10 uL beads per 107 cells) were
then added to the cell suspension, mixed well, and incubated on ice for 15 min for labeling.
Labeled cells were then washed and pelleted as before, and resuspended in labeling buffer
(up to 108 cells per 500 pL buffer). Finally, cells were run through a magnetic column,
followed by a series of wash steps, eluted in 5 mL of labeling buffer, and counted.

All minimal media (see below) were prepared with Exo-Free Fetal Bovine Serum (System
Biosciences) and warmed to 37°C before use. Cells were resuspended in appropriate media
and at appropriate cell density for that cell type. Cultures were incubated at standard
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conditions (36°C, 95% humidity and 5% carbon dioxide-balance air) for three days before
conditioned media was collected. Conditioned media was centrifuged at 2000 x g for 15
minutes to remove cell debris, then stored at —20°C for later use or immediately processed
for exosome isolation.

Minimal media for cell types were as follows: PBMCs, B cells, T cells: Advanced Minimal
Essential Medium (Gibco, Life Science Technologies); 1% MEM vitamin solution; 1%
HEPES (1 M); 1% GlutaMAX Supplement; 1% Penicillin-Streptomycin (10,000 U/mL);
0.02% Gentamycin; 10% (all from Gibco Life Science Technologies); 10% Exo-Free Fetal
Bovine Serum. Dendritic cells: RPMI-1640 Medium; 1% HEPES (1 M); 25 mM sodium
bicarbonate; 10 mM glucose; 1% GlutaMAX Supplement; Penicillin-Streptomycin (10,000
U/mL); 0.02% Gentamycin; 10% (all from Gibco Life Science Technologies); 10% Exo-
Free Fetal Bovine Serum; pH 7.4.

Exosome isolation and verification

Exosomes were isolated from rat serum or conditioned media (harvested from cultured
blood-derived cell populations) using ExoQuick and ExoQuick-TC respectively (System
Biosciences). These products contain different proprietary formulations optimized for the
isolation of exosomes from biological fluids (ExoQuick) or from tissue culture medium
(ExoQuick-TC). Briefly, 500 pL plasma was mixed with 120 uL ExoQuick solution and
incubated at 4°C for 30 minutes, precipitated by centrifugation at 1500 x g for 30 minutes,
and resuspended in 100 pL sterile phosphate buffered saline (PBS; 7.3 pH). Conditioned
media was mixed with ExoQuick-TC solution (1:5 ratio), and incubated overnight at 4°C.
Exosomes were precipitated out of solution by centrifugation at 1500 x g for 30 minutes,
and resuspended in 700 uL PBS or lysed for RNA or protein extraction. Slice culture
treatments consisted of 70-100 pg of exosomes per tissue culture well containing three
hippocampal slice cultures (1.2 mL serum-free media). Recovery of exosomes was
confirmed via Western blot analysis of two well-characterized exosomal protein markers,
CD63 and Alix. The exosome pellet from 5 mL media was resuspended in 200 L cold lysis
buffer for protein extraction (yield ~700 pg). Immunoblots for CD63 and Alix (AbD
Serotec) were performed as described below. Exosome verification by Western blot could
not be performed for all sample types due to small sample sizes, but was performed on
representative samples. For all experiments utilizing a specific source of exosomes (i.e.,
PBMC exosomes or T cell exosomes), samples were representative of pooled cells from 3 or
more animals.

Slice culture preparation and use

Hippocampal slice cultures were prepared from P10 Wistar rats. Methods of slice culture
preparation, maintenance and experimental manipulations are detailed elsewhere (Pusic et
al. 2011). We use hippocampal slice cultures, as this preparation allows for accurate control
of microenvironmental conditions over extended periods of time (Grinberg et al. 2012, 2013;
Pusic and Kraig 2014; Pusic et al. 2014a; Pusic et al. 2015).

Briefly, untimed pregnant Wistar female rats (Charles River Laboratories) were single-
housed with Envirodri paper bedding (Shepherd Specialty Paper) and Nestlets (Ancare).
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Litters were culled to ten pups to reduce variation in pup size. 350 um slices were prepared
from P10 pups of either sex. Slice cultures were initially maintained in a horse serum-based
medium and transferred to serum-free medium at 18 days /n vitro (Pusic et al. 2011). When
mature at 21 days /n vitro, culture vitality was assessed using a dead cell marker, Sytox
(Invitrogen), and slices showing significant cell death were discarded (Kunkler et al. 1997;
Hulse et al. 2008).

Lipopolysaccharide challenge

Lipopolysaccharide (LPS) derived from Escherichia coli 026:B5 was purchased from
Sigma-Aldrich. Naive slice cultures were pre-treated with 70-100 pg exosomes or sterile
PBS (control) for three hours before addition of 2 pg/mL LPS for 24 hours. Following
incubation with LPS, cultures were fixed in cold 10% buffered formalin phosphate
(ThermoFisher Scientific) for subsequent staining and conditioned media was collected for
determination of cytokine content. All samples were stored at —80°C until further
processing.

Immunoblotting

Slice culture myelin basic protein (MBP) content was determined as a measure of
myelination, using standard SDS-PAGE immunoblotting procedures. 20 ug of total protein
from exosome-treated hippocampal slice culture homogenates were loaded to SDS-PAGE
gels for separation, transferred to PVDF membranes, and immunolabeled for MBP (Novus
Biologicals) with B-actin (Sigma-Aldrich) as a loading control. Blots were visualized by
standard chemiluminescence and densitometric quantification was performed utilizing
Quantity One 1-D Analysis Software (Bio-Rad). 21.5, 18.5, and 17.2 kDa bands were
quantified.

Immunohistochemistry

Hippocampal slice cultures were fixed in 10% buffered formalin phosphate (ThermoFisher
Scientific) overnight at 4°C and stained for glial fibrillary acidic protein (GFAP), which is
considered a marker of astrogliosis (Brahmachari et al. 2006). Staining procedures followed
standard protocols. Briefly, cultures were incubated in blocking buffer [PBS; 0.02% tween
20 (Sigma-Aldrich); 5% goat serum (Life Technologies) for one hour at room temperature.
Primary anti-GFAP antibody (Santa Cruz Biotechnology) was used at 1:1000, and staining
was allowed to proceed overnight at 4°C. Cultures were then washed 3x in PBS
supplemented with 0.02% tween, and incubated with goat anti-mouse Alexa Fluor-488
(1:1000; Life Technologies) for one hour at room temperature. Finally, cultures were
mounted on gel-coated slides with ProLong Gold Antifade mountant (Life Technologies).
Staining intensity was quantified as above for FluoroMyelin.

miRNA extraction and profiling

Total RNA was extracted from isolated blood-cell exosomes using mirVana RNA Isolation
Kits (Life Technologies) according to manufacturer’s instructions. Purity and yield was
assessed by NanoDrop. RNA (100 ng) was then reverse transcribed into cDNA using
TagMan MicroRNA Reverse Transcriptase Kits (Life Technologies) and further amplified
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with Megaplex PreAmp Primers (Rodent Pool set) with TagMan PreAmp Master Mix Kits
(Life Technologies). Samples were then run on TagMan Array Rodent MicroRNA A+B
Cards Set v3.0 (Life Technologies) on a 7900HT Real-Time PCR System (Life
Technologies) (Pusic and Kraig, 2014; Pusic et al., 2014a).

Enzyme-linked immunosorbent assay

Conditioned media from LPS-challenged slice cultures (with or without exosome pre-
treatment) were screened utilizing a commercially available ELISA kit (Rat Inflammatory
Cytokines Multi-Analyte ELISArray Kit; SABiosciences) according to manufacturer’s
directions. Cytokines measured by this array are: IL-1a, IL-1p, IL-2, IL-4, IL-6, IL-10,
IL-12, IL-13, IFNy, TNFa, GM-CSF and RANTES. Briefly, conditioned media samples
were incubated in 12 well strips precoated with cytokine capture antibodies for two hours,
washed, then incubated with biotin-conjugated secondary antibodies for 30 minutes. Avidin-
HRP was added for colorimetric quantification of bound antibodies (at OD 450).

Measurement of oxidative stress

Oxidative stress (OS) was measured using CellROX Deep Red Reagent (1:1000; Invitrogen),
a cell-permeant dye that fluoresces when oxidized by reactive oxygen species. Though
CellROX used on its own would provide a readout of baseline oxidative status in exosome-
treated slice cultures, here we applied an exogenous stressor to determine what effect
exosome treatment has on a slice culture’s response to increased oxidative load (i.e., as
occurs with inflammation). Menadione exposure (8.6 ug/mL; Supelco Analytical) was used
to generate reactive oxygen species, and resultant CellROX fluorescence measured to
determine the relative oxidative tolerance of slice cultures treated with exosomes versus
those subjected to menadione alone. Staining intensity was quantified as above for
FluoroMyelin.

Data handling and statistics

RESULTS

Data were analyzed using SigmaPlot software (v.12.5; Systat Software). All data were
subject to normality testing (p-value to reject: 0.05), equal variance testing (p-value to reject:
0.05), and power (1-B: > 0.8). For gene expression data (both mRNA and miRNA), fold
changes of greater than two were considered significant (Pfaffl 2001). Control groups for
each experiment are described in the Results and Figure legends. Controls in each
experiment were set to 1.0 with experimental data scaled proportionally to better allow inter-
experiment comparisons. Molecular biological data included two technical replicates per
experimental measurement. All experimental groups consisted of biological replicates of 7>
3.

EE increases CNS myelination

Exposure to EE improves CNS myelination in aging animals (Zhao et al. 2012; Yang et al.
2013). Here, we extend this effect in adult rats via measurement of neocortical (grey matter)
myelin g ratios from EM images, and FluoroMyelin staining of compact myelin in both
white and grey matter. Rats exposed to EE had significantly improved grey matter g ratios
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compared to non-enriched (NE) rats. Specific values are: NE: 0.77 + 0.01; EE: 0.69 + 0.01
(10 images per animal, 7= 3 animals/group) (Fig. 1). EE brains also showed significantly
increased FluoroMyelin staining in both grey (Specific values: NE: 1.00 + 0.48; EE: 5.44
+ 0.08) matter regions (Fig. 1B) and white (Specific values: NE: 1.00 + 0.16; EE: 3.18

+ 0.34) matter regions (Fig. 1C) (10 images per animal, 7= 3 animals/group).

To better understand what processes are affected by EE to induce neuroprotection and
increase myelination, we performed miRNA expression profiling to examine differential
miRNA expression in NE versus EE brain tissue. We were especially interested in
determining whether CNS levels of miR-219 (a key component of EE-serum exosomes)
were increased. Indeed, we found significantly higher (> 2 fold) expression of miR-219 in
the brains of EE animals compared to levels in NE animals (Fig. 2). However, the relative
increase of miR-219 in EE versus NE brain tissue was notably less than the relative increase
of miR-219 in EE versus NE serum exosomes (Pusic and Kraig, 2014; adapted in Fig. 5).
This emphasizes the importance of peripheral signaling in EE-based neuroprotection.

Exosomes from EE PBMCs increase slice culture MBP

As a preliminary step in determining the cellular source of pro-myelinating exosomes, we
first isolated peripheral blood mononuclear cells (PBMCs) from whole blood of EE and NE
animals. PBMCs were briefly cultured in minimal media, which was collected three days
later for isolation of PBMC-derived exosomes. These exosomes were then applied to naive
slice cultures (100 pg) and MBP content assessed three days later. This paradigm was
previously used (Pusic and Kraig 2014; Pusic et al. 2014a) in experiments determining the
impact of exosomes on myelination. Here we use it as a means to quickly screen for nutritive
exosomes, since our sample amount is limited.

EE-derived PBMC exosomes significantly increased slice MBP content compared to NE-
derived PMBC exosomes (Fig. 3). Specific values were: Control: 1.00 £ 0.25; NE-PBMC-
Exos: 1.24 £ 0.26; EE-PBMC-Exos: 1.82 £ 0.12 (7= 6/group). This begins to suggest that
pro-myelinating exosomes are produced by circulating immune cells in EE-exposed animals.
As we have determined that EE-PBMC-Exos increase MBP whereas NE-PBMC-Exos have
no effect, in subsequent experiments focusing on specific cell populations, we will assess the
impact of exosomes derived from specific EE cell types on baseline slice culture MBP
content (naive slices).

Exosomes from EE PBMCs contain high levels of miR-219 and other miRNA species that
were enriched in EE-serum-derived exosomes

Screening of EE-PBMC-derived exosomal miRNA revealed significant differences between
the contents of EE-PBMC-Exos and NE-Serum-Exos. For exosomal miRNA expression
profiling, fold changes were measured relative to NE-Serum-Exos. This allows us to
compare relative fold changes across all groups to fold changes seen in EE-serum exosomes.
EE PBMC-Exos were enriched in a number of miRNAs involved in oligodendrocyte
differentiation and myelin production pathways, listed in Figure 3A. Notably, miR-219 was
highly enriched (>10 fold) in EE-PBMC-EXxos, as it was in EE-serum-derived exosomes,
which supports our hypothesis that circulating immune cells are the source of pro-
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myelinating exosomes. Enriched anti-inflammatory response miRNAs are shown in Figure
3B. miR-27h, miR-181a, and miR-665 were especially highly enriched (>10 fold). Increased
presence of these mMiRNA species indicates the possibility that PBMC exosomes may also
reduce inflammation and OS.

Exosomes from EE spleen cells but not lymph node cells increase slice culture MBP

Since exosomes from EE PBMCs hoth increased slice culture myelin and contained high
levels of miR-219, it is likely that one or more circulating cell types is the source of pro-
myelinating exosomes. We next wanted to determine whether other sources of immune cells
likewise produced pro-myelinating exosomes. To do this, we examined exosomes derived
from total spleen and lymph node cells. We found that exosomes produced by spleen cells
isolated from EE animals also produce a significant increase in MBP when applied to slice
cultures, whereas exosomes from lymph node cells had no effect. Specific values: Control:
1.00 £ 0.04; EE Spleen-Exos: 1.60 + 0.08, EE Lymph-Exos: 1.13 + 0.08 (n7=4/group) (Fig.
4, left). Interestingly, miRNA expression profiling did not show increased miR-219 in
exosomes from spleen cells (Fig. 4, right). However, miR-27a and b reduce OS and may
impact myelin indirectly. Alternatively, additional miRNA species (i.e., miR-138) that
impact oligodendrocytes were increased in splenic exosomes and may contribute to
increased myelin. miR-9 and miR-138, which enhance maturation and differentiation (Lau et
al. 2008; Dugas et al. 2010), and mature species of the miR-17-92 cluster, known to induce
OPC proliferation both /n vivo and in vitro (Budde et al. 2010), were all present and/or
enriched.

Since we saw a greater relative increase in MBP following treatment with EE PBMC
exosomes versus EE Spleen exosomes (see above for specific values), and since EE PBMC
exosomes’ miRNA profiles more closely matched that of EE serum exosomes, we chose to
focus on specific cell populations within circulating PBMCs.

Exosomes from EE blood T cells, B cells and DCs increase MBP

PBMCs were once again harvested from EE animals, and specific subpopulations were
isolated utilizing the autoMACs bead-based cell sorting platform. Each cell type was
cultured in minimal media for three days, then exosomes harvested. As before, since sample
sizes were limited, we utilized slice culture MBP content following exosome exposure as a
means of screening for functionality. Exosomes were applied to naive slice cultures at our
usual dose of 100 pg per insert. Three days later, cultures were collected and processed for
immunoblotting. We found that exposure to several sources of blood exosomes significantly
increased MBP content, though to different degrees. Specific values: Control: 1.00 + 0.08;
EE T cell-Exos: 1.97 £ 0.10; EE B cell-Exos: 1.99 + 0.09; EE DCExos: 1.44 £ 0.04; (n=
6-9) (Fig. 5).

miRNA profiling of exosomes from different EE cell populations

Next, we profiled the miRNA content of exosomes from each cell population that increased
MBP in slice cultures. miRNA fold changes were calculated relative to NE serum exosomes
and compared to changes seen in prior EE serum exosome versus NE serum exosome
studies (Fig. 5). Our aim here was to determine which population of exosome’s miRNA
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profile most closely matches that of EE serum exosomes and to identify differences in their
constituents.

miRNAs involved in oligodendrocyte differentiation and myelin production pathways are
shown in column A, and anti-inflammatory response miRNAs are shown in column B. All
exosome types examined showed significantly higher content of miR-219 than that found in
NE serum-Exos. Though we have not examined its role in EE-based neuroprotection,
miR-181a was also present at significantly higher levels in all exosome types profiled. The
miR-181 family of miRNASs play a role in the regulation of neuroinflammatory responses
from astrocytes. Hutchison and co-workers (2013) show that high expression of miR-181
has an anti-inflammatory effect, whereas its down-regulation (e.g., in response to LPS)
contributes to astrogliosis and increased production of pro-inflammatory cytokines.
Differences between miRNA content and levels will need to be further explored in future
studies.

Exosomes from EE blood T cells, B cells and DCs reduce OS

Several miRNA species involved in regulation of inflammatory responses were detected in
EE exosomes. miR-181 was of special interest to us, as it was found in high abundance in
most EE cell exosomes profiled, and potentially regulates astrocyte production of both
oxidative and pro-inflammatory factors (Hutchison et al. 2013). Thus, as a first step in
assessing the neuro-protective potential of EE exosomes, we next explored their effect on
oxidative status. We found that treatment with each blood cell-derived exosome type
significantly increased oxidative tolerance of slice cultures. Oxidative tolerance was assessed
by inducing production of reactive oxygen species (ROS) through exposure to menadione,
and measuring the CellROX fluorescence produced by the dye reacting with excess ROS
that the culture was unable to scavenge. Administration of exosomes three hours prior to
menadione exposure significantly reduced resultant OS, as seen in representative images of
CellROX staining (Fig. 6A). Specific values: Control: 1.00 + 0.02; EE-serum-Exos: 0.52

+ 0.03; EE-PBMC-Exos: 0.16 = 0.03; EE T cell-Exos: 0.61 + 0.03; EE B cell-Exos: 0.44

+ 0.06; EE DC-Exos: 0.37 + 0.10; (7= 3-12) (Fig. 6B).

Exosomes from EE PBMCs, T cells, B cells and DCs reduce LPS-induced astrogliosis

Next, we focused on the impact of EE exosomes on astrocyte activation. Slice cultures were
exposed to LPS, which leads to immune activation resulting in significant and prolonged
astrogliosis. We found that treatment with EE exosomes prior to LPS challenge significantly
decreased expression of glial fibrillary acidic protein (GFAP), a cytoskeletal protein that is
upregulated in activated astrocytes (Fig. 7A). Specific values: Control: 1.00 + 0.02; LPS:
3.06 + 0.21; EE Serum-Exos: 0.35 * 0.05; EE PBMC-Exos: 0.14 + 0.05; EE T cell-Exos:
1.01 £ 0.25; EE B cell-Exos: 0.61 + 0.19; EE DC-Exos: 1.31 + 0.1.01; (n= 3-9) (Fig. 7B).

miR-181 negatively regulates the production of multiple cytokines by astrocytes,
suppressing their production in an inflammatory environment. Since Hutchison et al. (2013)
demonstrated that knockdown of miR-181 in primary astrocytes enhances LPS-induced
production of pro-inflammatory cytokines and conversely, overexpression of miR-181 leads
to production of anti-inflammatory cytokines, we collected conditioned media from each
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treatment group above to determine whether EE exosomes impacted cytokine production.
We screened for a panel of twelve pro- and anti-inflammatory cytokines utilizing a multi-
analyte ELISArray kit. No significant changes in cytokine content of conditioned media
from LPS challenged versus LPS challenge + Exosome-treated cultures were detected. This
lack of detection may be due to low sensitivity of the multi-analyte ELISArray Kkit.
Additionally, our use of slice culture is a more complex environment with multiple cell
interactions compared to primary astrocyte cultures used by Hutchison.

DISCUSSION

EE enhances memory, increases production of myelin at all ages, and is an intervention
known to lessen injury from neurodegenerative disorders including demyelinating disease
(Fields 2008). Additionally, EE has beneficial effects on immune function, and can improve
age-related immune dysfunction. Studies have also shown that EE improves chemotaxis of
phagocytes and lymphocytes and strengthened their responses to infection (Pedersen and
Hoffman-Goetz 2000). EE also reduces oxidative stress in immune cells by increasing
antioxidant defenses, which may account for overall improved immune function (Arranz et
al. 2010).

As experimental enrichment paradigms vary widely, we first confirmed that our specific
paradigm provided adequate enrichment and had an impact on myelination. Indeed, animals
exposed to enrichment through our Marlau-style cage showed significant increase in
myelination measured in both grey and white matter brain regions. miRNA expression
profiling of brain tissue also revealed a significant increase in miR-219 content, though this
was not nearly as high as levels found in EE serum exosomes. However, we would like to
point out two notable miRNA species that were enriched in EE brains (Fig. 2). miR-27b is
maintained at high levels in the Ames dwarf mouse (a model of longevity) and is thought to
contribute to increased life span by reducing cellular oxidative status (Bates et al. 2010).
miR-124 is deficient in MS lesions, and is thought to maintain a quiescent microglial
phenotype, also reducing the oxidative status of these cells (Ponomarev et al. 2013). Thus
neurological benefits of EE may include its local effects on miRNA expression in the brain.

In prior work, we found that exosomes derived from the serum of rats exposed to an EE
paradigm improved CNS myelination both /n vitro and in vivo. Though there are many
aspects of myelination/remyelination that remain to be studied (i.e., neural stem cell
proliferation and stages of oligodendrocyte precursor differentiation), since increased slice
culture myelin was a reliable functional endpoint in our previous EE exosome studies, we
use it here as a means of determining which cell type(s) are producing myelin-promoting
exosomes. We found that multiple immune cell populations derived from EE animals
produced exosomes that significantly impacted slice culture myelin.

Encouraged by this finding, we screened exosomal miRNA profiles to determine which cell
type(s) may be the source of pro-myelinating exosomes found in EE serum. Though all
exosome types screened showed different miRNA profiles, each contained higher levels of
one or more miRNA species known to impact myelin production or maintenance. It is
important here to note that we focused on exosomal miRNASs based on our prior work with
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EE serum exosomes. In that study, we observed that transfecting EE serum exosomes with a
specific inhibitor of miR-219 abrogated their impact on myelin, suggesting a key role for
miR-219. However, we recognize that these exosomes may contain additional MRNAs and
proteins that could contribute to their effects.

Based on the broad beneficial effects of EE on immune function, it is likely that the pro-
myelinating effect is not due to a specific cell type, but a common property of many immune
cell types. In support of this, we have found that exosomes produced by splenic cells isolated
from EE animals also produce a significant increase in myelin basic protein when applied to
slice cultures. This increase was not as robust as that seen with blood cell populations.
However, since exosomes from non-enriched rat spleen cells had no effect, it suggests that
enrichment alters immune function in a way that supports brain health, and does so through
changes in multiple immune cell populations.

miRNA expression profiling of exosomes derived from each cell type showed that all blood
cell-derived exosomes examined contained miR-219. This supports our finding of increased
slice culture myelin from exposure to immune cell-derived exosomes, and suggests miR-219
may be responsible for this effect. However, it is interesting to note which other miRNA
species were consistently found in higher levels than in NE serum exosomes. miR-9 and
miR-17, which are involved in oligodendrocyte proliferation, and miR181a, which has an
anti-inflammatory function, were also highly abundant in a subset of EE exosomes. miR-665
was also present at high levels in several EE exosome types. Though its function is unclear,
miR-665 is reduced in patients with temporal lobe epilepsy and may affect brain immune
function in a manner that dysregulates neuronal excitability (Kan et al. 2012).

Finally, as a first step in assessing the impact of EE exosomes on homeostatic response to
inflammation, we examined their effect on OS and astrogliosis in slice cultures. Astrocytes
perform a supportive role in the CNS, including transfer of nutrients and the antioxidant
glutathione to adjacent neurons (Allen and Barres 2009). Neurodegenerative diseases, aging,
and other conditions that increase oxidative stress can increase astrocyte activation
(Salminen et al. 2011; Steel and Robinson 2012). In turn, activated astrocytes are less able to
cope with OS and increase their secretion of ROS, making neurons more vulnerable to
damage. EE, on the other hand, reduces the impact of CNS oxidative damage (Pusic et al.
2014b). Our results here show that EE-derived exosomes from immune cells significantly
impact both oxidative tolerance and astrogliosis.

Additional work will be necessary to determine the effect EE derived exosome subsets on
parameters such as inflammation and oligodendrocyte precursor maturation. This may help
us determine the role of additional enriched miRNAs and determine what combination of
miRNA species from each exosome type may be required for an optimal effect on
myelination and oxidative tolerance.
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Figurel.
Environmental enrichment increases CNS myelin. (A) Representative electron micrographs

of myelinated axons at the paramedian frontal motor neocortex from non-enriched control
(left) and environmentally enriched (right) animals. Scale bar = 200 nm. Myelin g ratios
(axon diameter/ myelin sheath diameter) were calculated from electron micrographs.
Exposure to environmental enrichment resulted in significantly (*p = 0.024) improved g
ratios compared to non-enriched, age matched controls. (B-C) Representative images of
FluoroMyelin staining, a marker for myelin, in (B) neocortical grey matter and (C) white
matter regions of non-enriched (left) and environmentally enriched (right) brains. Scale bars
=100 pm, dotted lines in (C) indicate white matter tract boundaries of the corpus callosum.
Quantification of FluoroMyelin intensity showed a significant (*p=0.004) increase in
myelin content in (B) white matter, and a significant (*p < 0.001) increase in myelin content
in (C) grey matter regions. Significance determined by Student’s #test.
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Figure 2.
Differential miRNA expression in EE versus NE rat brains. miRNA content of brain tissue

from rats exposed to environmental enrichment was compared to that of age-matched, non-
enriched rats. Results show expression levels of specific miRNAs involved in (A) myelin
production / oligodendrocyte differentiation and (B) anti-inflammatory response. Black
panels indicate mature miRNA species that could not be detected; grey panels indicate
miRNAs that were readily detectible but not significantly enriched; light green indicate
significantly enriched (i.e., >2 fold) miRNAs; and dark green indicates highly enriched (i.e.,
>10 fold) miRNAs.
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EE-PBMC-Exos vs. NE-Serum-Exos
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Figure 3.
Exosomes produced by peripheral blood mononuclear cells from EE animals increased slice

culture myelination, and were enriched in miRNA species involved in myelin production and
anti-inflammatory response. Peripheral blood mononuclear cells (PBMCs) were harvested
from animals exposed to environmental enrichment (EE) and non-enriched age-matched
controls. When applied to hippocampal slice cultures, exosomes from EE PBMCs
significantly (*p < 0.033) increased MBP levels relative to NE PBMC exosomes and control
untreated cultures (left). Significance determined by ANOVA plus post hoc Holm-Sidak
testing. mMiRNA content of EE PBMC-Exos were compared to that of NE total serum-Exos
(right). Results show expression levels of specific miRNASs involved in (A) myelin
production / oligodendrocyte differentiation and (B) anti-inflammatory response. Black
panels indicate mature miRNA species that could not be detected; grey panels indicate
miRNAs that were readily detectible but not significantly enriched; light green indicate
significantly enriched (i.e., >2 fold) miRNAs; and dark green indicates highly enriched (i.e.,
>10 fold) miRNAs.
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EE-Spleen-Exos vs. NE-serum-Exos
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Figure 4.
Exosomes from EE spleen cells increased slice culture myelination, and were enriched in

miRNA species involved in myelin production and anti-inflammatory response. Splenic cells
and lymph cells were harvested from non-enriched animals (NE) and animals exposed to
environmental enrichment (EE) and briefly cultured in exo-free media. When applied to
hippocampal slice cultures, only exosomes produced by EE spleen cells significantly (*p <
0.001) increased myelin basic protein (MBP) relative to control, untreated cultures.
Significance determined by ANOVA plus post hoc Holm-Sidak testing. miRNA profiling
results show expression levels of specific miRNAs involved in (A) myelin production /
oligodendrocyte differentiation and (B) anti-inflammatory response. Black panels indicate
mature miRNA species that could not be detected; grey panels indicate miRNAs that were
readily detectible but not significantly enriched; light green indicate significantly enriched
(>2 fold); and dark green indicates highly enriched (>10 fold) miRNAs.
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EE-Serum-Exos vs. NE-Serum-Exos
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Figureb5.
Exosomes from EE-derived T cells, B cells and blood dendritic cells all increased slice

culture myelination, and were enriched in miRNA species involved in myelin production and
anti-inflammatory response. PBMCs were harvested from animals exposed to environmental
enrichment (EE) as before, then sorted into T cell, B cell and dendritic cell populations.
When applied to hippocampal slice cultures, exosomes from all three cell populations
significantly (*p < 0.001) increased myelin basic protein (MBP) relative to control,
untreated cultures. Significance determined by ANOVA plus post hoc Holm-Sidak testing.
miRNA expression profiles of EE-derived T cells, B cells and blood dendritic cell exosomes.
Expression levels in individual EE blood cell exosomes were calculated relative to that of
NE-serum-Exos (from right to left; EE-serum-Exos, EE-T cell-Exos, EE-B cell-Exos and
EE-blood DC-Exo0s). Results show expression levels of specific miRNAs involved in (A)
myelin production / oligodendrocyte differentiation and (B) anti-inflammatory response.
Black panels indicate mature miRNA species that could not be detected; grey panels indicate
miRNAs that were readily detectible but not significantly enriched; light green indicate
significantly enriched (i.e., >2 fold) miRNAs; and dark green indicates highly enriched (i.e.,
>10 fold) miRNAs.
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Figure6.
Exosomes from EE-derived T cells, B cells and blood dendritic cells all increased slice

culture oxidative tolerance. (A) Representative images of staining for menadione-induced
oxidative stress (CellROX) in control (left) and EE exosome-treated (right) slice cultures.
Scale bar = 200 pm. Dotted line indicates the CA3 region of interest used for quantification.
(B) Quantification of CellROX fluorescence at the CA3 region showed a significant (*p <
0.001) decrease in oxidative stress following menadione exposure in slice cultures that
received EE exosomes versus untreated controls. Significance determined by ANOVA plus
post hoc Holm-Sidak testing.
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Figure 7.
Exosomes from EE-derived T cells, B cells and blood dendritic cells all reduced astrogliosis

from lipopolysaccharide challenge. (A) Representative images of staining for glial fibrillary
acidic protein (GFAP) in untreated control (left), lipopolysaccharide (LPS) challenged
(middle), and LPS+EE exosome-treated (right) slice cultures. Scale bar = 200 um. (B)
Quantification of staining confirmed a significant (*p < 0.001) increase in GFAP positive
staining, indicative of astrogliosis, in cultures exposed to LPS. Conversely, there was a
significant (#p = <0.001) reduction in astrogliosis in slice cultures treated with EE exosomes
following LPS challenge. GFAP staining intensity was not significantly different in LPS+EE
exosome-treated cultures and control cultures not exposed to LPS. Significance determined
by ANOVA plus post hoc Holm-Sidak testing
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